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ABSTRACT 
In order to increase the photovoltage of dye-sensitized solar cells (DSSCs), a 
tandem device with both a p-type photocathode and an n-type photoanode must be 
developed with high efficiencies. Here, we report the synthesis, morphology, and device 
performance of monodisperse ultrathin p-type NiO nanoplatelets. These platelets with 
widths of ~100 nm and thicknesses less than 10 nm exhibit a high density of nanoscale 
pores, which can be hierarchically structured by modifying the exact synthetic conditions. 
We hypothesize that the platelets undergo fewer particle-to-particle hopping events, 
which is substantiated by an increase in the effective carrier mobility by 10-fold, and 
improved the overall performance of our devices by ~20-30 percent. We have developed 
a method to synthesize high-quality material and currently, optimizing the devices based 
upon these mesoscale p-type NiO films via targeted atomic deposition (TAD) process. 
Atomic deposition at selective sites showed a 2.7-fold increase in the photoconversion 
efficiency.  
1. INTRODUCTION 
Recently, the idea of tandem dye-sensitized photoelectrosynthetic cells (DSPECs) 
has been developed1. An ideal tandem DSPEC would have both n-type photoanode (e.g., 
TiO2) and p-type photocathode (e.g., NiO) with a chromophore-catalyst assembly 
catalyzing the redox processes. Dye-sensitized solar cells (DSSCs) are the simplified 
version of DSPECs. They are proven to be one of the most cost efficient and stable 
generation III solar cell technologies2. Among the many types of DSSCs, p-type nickel 
(II) oxide based dye-sensitized devices allow for the possibility of a higher operating 
voltage in a tandem cell compared to a typical TiO2 device by itself. However, currently, 
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NiO dye-sensitized devices have comparatively low photoconversion efficiencies and 
current density3. The highest efficiency reported for n-type DSSCs based on TiO2 
photoanode is 12.3%4. On the other hand, the photoconversion efficiency (PCE) for 
photocathodes based upon nickel oxide is only about 1.3% in a DSSC configuration5. The 
photocathode is liming the performance of the tandem device, which motivates further 
investigation.  
There are several problems with the material quality of NiO that results in the low 
performance including low hole mobility and high charge recombination rate5. 
Mesoporous nanoparticle films are necessary for high chromophore surface loading. 
However, the mobility for nanoparticle nickel oxide is five orders of magnitude lower 
than the bulk mobility5. This also contrasts greatly to the minor lowering of mobility in 
TiO2 films6. Nonetheless, by changing the morphology and microstructure of NiO, this 
problem can be mitigated. High-aspect ratio structures, which retain most of the surface 
area of small nanoparticles while supplying longer conduction pathlengths, can be 
synthesized. We hypothesize these mesoscale platelets will result in fewer particle-to-
particle hopping events, and thus, higher effective carrier mobility. The increased 
mobility corresponds to an increased carrier diffusion length by the Stokes-Einstein 
relationship. Therefore, mesoporous NiO platelets with a larger carrier diffusion length 
can be utilized increasing the current density and photovoltage of the devices through 
lowered carrier recombination. The electron-hole recombination rate can be further 
reduced by coating the NiO thin films with aluminum oxide1. Here, we present a new 
atomic deposition technique called targeted atomic deposition (TAD). Unlike traditional 
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atomic layer deposition (ALD) where a thin alumina layer is coated onto the entire 
surface of NiO thin film, the deposition of alumina is site-selective in TAD process.  
2. EXPERIMENTAL 
2.1 Synthesis of NiO Platelets  
Monodisperse ultrathin hexagonal nickel (II) hydroxide nanoplatelets were 
synthesized by following the procedure by Matjiveć7. To an aqueous solution of 0.01 M 
Ni(NO3)2, stoichiometric amount of 1.0 M NH4OH was added and heated to reflux for 2 
hours. The colloidal solution was settled for a few days and filtered via vacuum filtration. 
The colloid was dried at 40 °C and calcinated at the desired temperature for 40 minutes in 
open air to make powder samples.  
2.2 Preparation of NiO Paste 
A known literature procedure was modified to prepare a viscous nickel oxide 
paste8. A 16 g of dried Ni(OH)2 powder was dispersed into 110 mL of ethanol and 
vigorously stirred. To a heated 100 mL of 𝛼-terpineol, 4.6 g of ethyl cellulose was added 
over a 30-min period. Two solutions were combined and stirred overnight at room 
temperature. Excess ethanol was removed via rotary evaporation. To control the 
viscosity, the paste was rediluted with ethanol. The paste was spin coated onto a clean 
FTO glass using a Laurel WS-650MZ-23NPP spin coater and calcinated at various 
temperatures for 40 minutes in an open-air furnace.  The NiO paste with the spherical 
nanoparticles was made in the exact same manner, except Ni(OH)2 powder was replaced 
with commercially available NiO powder (Inframat Advanced Materials, 28N-0801). For 
TAD NiO films, all NiO films were annealed at 450 °C.  
2.3 Analytical Methods 
	   4	  
Scanning electron microscopy (SEM) images of the platelets were obtained using 
a FEI Helios NanoLab DualBeam D600. A JEOL 2010F-FasTEM was used at 200 kV 
accelerating voltage for high-resolution transmission electron microscopy (TEM) images.  
Selected-area electron diffraction (SAED) patterns within an individual grain of the 
particle were also obtained using apertures smaller than ~100 nm. Power X-ray 
diffraction (XRD) data was obtained using a Rigaku Multiflex from 10° to 100° 2𝜃  at a 
scan rate of 2° 2𝜃/min. A standard three-electrode cell (working electrode: NiO on FTO 
glass; counter: Pt wire; reference: Ag/AgCl) in 0.2M LiClO4 at pH 5.8 was used for Mott-
Schottky measurements. A Gamry Reference 600 electrochemical impedance 
spectrometer and a RC equivalent circuit were utilized.  
2.4 Microelectrode Fabrication 
The microelectrode patterns were fabricated using a standard electron-beam 
lithography process with a Hitachi S4700 SEM. Au was deposited using a KEY KV-301 
thermal evaporator. The microelectrodes were spin coated with the NiO paste and 
annealed at different temperatures. The measurements were made using a Ketihley 
2646A SourceMeter with Signatone micropositioners (S-725) and SE-TL probe tips.  
2.5 TAD on NiO Films 
The deposition of aluminum oxide was performed using a Savannah ALD system 
from Cambridge Nanotech. The selective-site atomic deposition was achieved by 
lowering the deposition rate to 0.05Å/cycle. This is more than 10-fold reduction in 
deposition rate. The temperature of the chamber was 100 °C (for conventional ALD, it is 
200 °C), and the pulse rate for both trimethylaluminum (TMA) and water was 0.01 s. The 
NiO films were thermally equilibrated in the chamber for 10 min before TMA was pulsed, 
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followed by water. The flow rate of the nitrogen carrier gas was 5 sccm. The deposition 
rate was determined by measuring the thickness of alumina coated onto Si wafers with a J. 
A. Woollam Variable Angle Spectroscopic Ellipsometer.  
2.6 Device Fabrication and Electrical Measurements 
The annealed NiO films were immersed into a 0.1 mM Coumarin-343 dye 
solution in ethanol for overnight, washed with IPA, and dried with N2. The dye-loaded 
films were then sandwiched with Pt counter electrodes using a 25 𝜇m Surlyn gasket and a 
custom-made heating press. The counter electrodes were made by applying a thin layer of 
5 mM H2PtCl6 in IPA onto FTO glass and annealing it for 30 min at 380 °C. The 
electrolyte made of 1.0 M 1,3-dimethylimidazolium iodide, 0.03 M iodine, 0.5 M tert-
butylpyridine, and 0.1 M guanidium thiocynate in an 85:15 volumetric ratio of 
acetonitrile to valeronitrile was vacuum backfilled and sealed with Surlyn piece and a 
microscope coverslip. For alumina coated NiO films, Coumarin-343 was replaced with 
P1 in acetonitrile. Currents and voltages were measured using a Newport Oriel 150W 
Class ABB Solar Simulator that was calibrated to 1-sun (100mW/cm2) under AM1.5G 
illumination. Electrical measurements were made with a Keithley 2646A SourceMeter. 
3. RESULTS AND DISCUSSIONS 
Quasi-2-dimensional, ultrathin, hexagonal Ni(OH)2 nanoplatelets are shown in 
Figure 1. These platelets are 8-10 nm thick and 102 ± 5 nm wide in the lateral direction. 
The conversion between Ni(OH)2 and NiO is also shown schematically in the figure 
below. The hexagonal shape of the platelet is generally preserved after the calcination. 
However, at high calcination temperatures above 600 °C, sintering of the NiO platelets 
occurs as indicated in the SEM images in Figure 1. The formation of pores in the platelets 
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is also observed. The size of the pores increases as the temperature increases. The 
average pore sizes are 5 ± 1, 7 ± 2, and 15 ± 8 nm at calcination temperatures of 350, 
450, and 550 °C respectively. The TEM images in Figure 3 also confirm the presence of 
the pores even at low temperature.  
 
Figure 1 Structures of Ni(OH)2 and NiO platelets. Top: (Left) SEM image of Ni(OH)2 
platelets. (Right) Schematic diagram of Ni(OH)2 conversion to NiO. Bottom: SEM 
images of NiO platelets calcinated at 350 °C, 450 °C, 550 °C, and 600 °C (Left to Right).  
The crystallinity of NiO nanoplatelets was determined from the X-ray diffraction. 
The spectra shows the conversion of Ni(OH)2 to NiO at 250 °C. As calcination 
temperature increases, the crystallinity also increases. The narrower line widths at higher 
temperatures indicate an increase in the grain sizes, which is confirmed by the Debye-
Scherrer analysis. The black color of NiO platelets is due to Ni+2-Ni+3 intervalence charge 
transfer transitions in the visible wavelength range9. It is presumed that the intervalence 
charge transfer bleaches at high temperatures and results in a less dark color of NiO (Top 
left in Figure 2).  
	   7	  
 
Figure 2 Left: XRD spectra for Ni(OH)2 and NiO nanoplatelets with calcination 
temperature denoted on the right of each spectrum. Right: Ni(OH)2 powder (bottom) and 
NiO nanoplatelets at 450 (middle) and 600 °C (top).  
 
Figure 2 TEM images and SAED patterns. Top: (Left) TEM images of Ni(OH)2 platelet. 
(Right) Side-on TEM image showing the lattice fringes. Bottom: TEM images of NiO 
platelet calcinated at 250 °C (Left) and 450 °C (Right). Inset: SAED patterns within a 
single grain boundary.  
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The TEM images above (Figure 3) show uniform and crystalline Ni(OH)2 and 
NiO nanoplatelets. Both TEM analysis and XRD data denote that individual NiO 
nanoplatelets are polycrystalline. The selected-area electron diffraction patterns 
corroborate the data from XRD experiments. The top left shows the pattern for the [0001] 
direction of a single grain Ni(OH)2 platelet. The bottom two patterns display the rock salt 
phase of NiO in the [111] direction.  
The lateral conductivity of our NiO thin films was measured using Au 
microelectrodes. The measurements were compared to that of the commercially available 
spherical NiO nanoparticles.  The average resistances of nanoplatelets and nanoparticles 
calcinated at 450 °C were plotted against the electrode separation (Top left in Figure 4). 
Resistance values of nanoparticles were 10-100 times greater than the values from 
nanoplatelets. Conductivities of both nanoplatelets and nanoparticles obtained by 
performing the least square analysis on the resistance data and using the thickness of the 
films determined by profilometry. The conductivity data obtained from the linear fit for 
nanoplatelets was (6 ± 1) x 10-5 S·cm-1 and (2.2 ± 0.8) x 10-3 S·cm-1 for nanoparticles. The 
conductivity values over a range of calcination temperatures were obtained using the 
same method above and plotted as a function of temperature. The plot is shown in bottom 
left of Figure 4. The conductivity of nanoplatelets at each temperature was one to two 
order of magnitude greater than that of nanoparticles.  
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Figure 3 Microelectrode and conductivity measurements. Left: Microelectrodes with 500 
x 500 μm Au pads. Right: (Top) Microelectrode resistance measurements of 
nanoplatelets and nanoparticles annealed at 450 °C. (Bottom) Conductivity of 
nanoplatelets and nanoparticles determined from the linear fits of the resistance data.  
The doping levels of nanoplatelets and nanoparticles at different temperatures 
were determined by Mott-Schottky analysis. Note that the doping level for all samples is 
in the range from 3 x 1020 to 7 x 1020 cm-3 (see Figure 5). Because the doping level 
between two materials is very similar, we concluded that the increase in the conductivity 
of our NiO platelets is due to an increase in the effective mobility. The mobility of NiO 
thin films were calculated using conductivity values and doping levels determined above. 
At calcination temperature of 450 °C, the effective mobilities for nanoparticles and 
nanoplatelets were ~1 x 10-6 cm2/V·s and ~2 x 10-5 cm2/V·s, respectively.  The mobility of 
nanoplatelets is 20-fold higher than the mobility of nanoparticles.  
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Figure 4 Doping level and effective mobility. Left: Doping levels of nanoparticles and 
nanoplatelets from Mott-Schottky analysis. Right: Effective mobility for nanoparticles 
and nanoplatelets. Calcination temperature range from 350 °C to 550 °C.  
To observe the effect of the increased effective mobility and improved 
morphology of our NiO nanoplatelets, p-type DSSC devices were fabricated as indicated 
by the procedure.  
 
Figure 5 Current density and voltage curves for DSSC devices with NiO calcinated at 
various temperatures.  
The DSSC devices fabricated using NiO thin films annealed at 500 °C had the highest 
Voc. However, at this temperature, the short circuit current density was also the lowest. 
From the IV plot shown in Figure 6, it was concluded that the NiO devices calcinated at 
450 °C yielded the highest efficiency. The summary of the performance of NiO devices 
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for a calcination temperature at 450 °C is shown below (Table 1). The results were again 
compared to that of DSSC devices prepared with spherical NiO nanoparticles.  The NiO 
devices fabricated with nanoplatelets showed ~30 % improvement in the performance 
compared to the devices made with nanoparticles.  










platelet 106 ± 3 0.48 ± 0.03 32.5 ± 0.4 0.017 ± 0.001 
particle 90 ± 10 0.47 ± 0.06 31 ± 2 0.013 ± 0.003 
 
To further increase the photoconversion efficiency of NiO DSSCs, a thin layer of 
alumina (Al2O3) was deposited onto the thin films of our NiO platelets using TAD. From 
literature, ALD treatment onto the NiO films increases the resistance for electron-hole 
recombination1.  Unlike traditional ALD where the entire surface of the platelets is 
deposited, only the surface edges are coated with Al2O3. This site-selectiveness of the 
TAD process is confirmed by the energy dispersive x-ray spectroscopy (EDS) data (see 
Figure 7).  
The data from cyclic voltammetry shows the existence of trap states in NiO 
platelets (Figure 10). When NiO is treated with at least 2 TAD cycles of Al2O3, the 
density of these trap states within the band gap of NiO is significantly decreased.  It is 
speculated that the TAD technique enables us to passivate the trap states and reduce the 
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rate of electron-hole recombination. As the result, the overall photoconversion efficiency 
of NiO DSSC devices is increased.  
 
Figure 7 TEM images of NiO thin films annealed at 450 °C. Left: NiO film without TAD 
layer of alumina. Right: Mapped TEM image of NiO film treated with 2 TAD cycles of 
Al2O3 using the EDS data. The color of each element is denoted in the lower-left corner 
of the image.  
 
Figure 8 Cyclic voltammogram of alumina treated (red line) and untreated (black line) 
450 °C NiO thin films.  
	   13	  
As indicated by current density-voltage curves, the average Vocs of TAD post-
annealed NiO devices are higher than the average Vocs of non-annealed devices (Figure 
9). Both Jsc and Voc increase upon 1 TAD cycle of Al2O3 for post annealed NiO DSSC 
devices. However, Jsc is decreased as the number of TAD cycles is increased. The open 
circuit voltage seems to increase, but only up to 3 cycles of Al2O3. The decrease in Voc 
beyond 3 cycles is due to largely diminishing currents. The short circuit current density 
for post-annealed devices is higher than that of non-annealed devices for every cycle of 
Al2O3.  
 
Figure 9 Top: Performances of DSSCs devices using 450 °C NiO nanoplatelet thin films 
with TAD of alumina. (Left) No post annealing process after TAD. (Right) Annealed 
after TAD. Bottom: (Right) The average current density as a function of TAD cycle of 
alumina. (Bottom) The average open-circuit voltage corresponding to each TAD cycle of 
alumina.  
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The efficiency measurement as a function of TAD cycles of Al2O3 is shown below 
in Figure 10. As expected from the Jsc and Voc data, devices with a single cycle TAD of 
alumina with post annealing treatment have the highest efficiency.  
 
Figure 10 Efficiencies of DSSCs devices fabricated using 450 °C NiO nanoplatelets 
treated with 1-5 TAD cycles of alumina. Red line indicates devices with post annealing 
after TAD and black line represents normal TAD devices without post annealing process.  
 
Figure 11 Lifetime measurements of p-type DSSCs using 450 °C NiO nanoplatelets 
treated with 1-5 cycles of alumina with TAD setting. (Left) Without post annealing 
process (Right) post annealed devices after TAD.   
The lifetimes of TAD devices with and without post annealing process were 
determined by taking the first derivative of the Voc decay as a function of time. The 
measurement for each TAD cycle was plotted as a function of Voc (Figure 11). The 
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lifetime of devices with post annealing is 10-fold greater than that of the normal NiO 
devices.  
4. CONCLUSION 
In this work, we presented a method to synthesize two-dimensional ultrathin, hexagonal 
NiO platelets with a high density of pores. Compared to conventional spherical 
nanoparticles, our platelets have more than a 10-fold greater mobility. The NiO DSSC 
devices fabricated with the platelets showed 20-30 % improvement in the overall 
performance over nanoparticle devices. The calcination temperature at 450 °C results in 
the highest photoconversion efficiency. The complete results were reported in our first 
publication. It was also found that a single TAD cycle of Al2O3 further increases the 
efficiency of the device by a factor of 2.7. The post annealing process after alumina TAD 
allows us to deposit more layers of alumina and increase the open circuit voltage while 
still maintaining the current density. It was confirmed by cyclic voltammetry that TAD of 
alumina onto NiO thin films decreases the density of the trap states within the band gap, 
reducing the rate of electron-hole recombination at the surface.  
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